1. Introduction {#s0005}
===============

The cancer is a disease that virtually affects every human organ including blood, which remains to be a major cause of death in spite of worldwide fight against cancer for the last four decades ([@b0170]). Cancer is developed in human organs due to the damage of the DNA (deoxyribonucleic acid) in the cells and in most of the cases these damaged abnormal cells are killed by the immune system, failing which an uncontrolled cell division is triggered, causing irreparable affliction to the vital organs and the nearby organs and tissues ([@b0030]), where the cells faulty cancer migrate to new locations through blood stream and lymphatic system ([@b0125]). Currently many treatment options like surgical removal, chemotherapy, radiotherapy, targeted therapy and immunotherapy are available to contain the erratic growth of cancer cells and mostly these therapies are given in combination such as DOX/AgNPs/MSN and CaNPs/siRNA/DOX ([@b0015], [@b0055]). In spite of overwhelming progress in each of the treatment method, the perfect cure and the quality of life before and after treatment still remains to be a big challenge, because most of the drug based and radiation based treatment methods cannot discriminate the cancer cells and the normal cells ([@b0130]). *HeLa* cancer cells are human cervical cancer cells and this cell line was established from the cervical cancer tumor taken from a cervical cancer patient, Henrietta Lacks (*HeLa*) in 1951 and also they were the first line of human cells to survive in vitro ([@b0105]).

Heterogeneous semiconductor based Photo-catalysis has been successfully used for the degradation of organic pollutants and for the decontamination of microorganisms in water ([@b0075], [@b0080], [@b0100], [@b0095], [@b0040], [@b0115]). In this photochemical process, the electron hole charge pairs are photo-excited from the appropriate semiconducting material with the light radiation of suitable wavelength. These photo-generated charge carriers mediate the redox reaction to generate reactive oxygen species (ROS), which actually carry out the degradation and deactivation ([@b0070], [@b0175]). Particularly in the case of photo-catalytic killing of microorganism, the crucial impairment is done to the cells of the microorganism by oxidizing cell membrane and DNA of the microorganism by photo-generated ROS to exterminate them ([@b0135]). As the treatments of cancer are basically aimed to damage the faulty cells to contain their growth, photo-catalytic killing process applied for the microorganism can intuitively be a good treatment option for killing the cancer cells.

Monoclinic phase of *WO~3~* is proven to be one of the most effective and versatile photo-catalyst for certain photo-catalytic applications, owing to its favorable band gap energy (2.4 eV and 3.0 eV) that ensures its activity in the visible spectral region, besides its stability in oxidative and acidic environment and its resistance to photo corrosion ([@b0065]). However, the effective use of *WO~3~* is restricted by its relatively low visible light absorption and rapid recombination of photo generated electron hole pairs, which will definitely reduce the efficiency of photo-catalytic process. *ZnO* is another efficient photo-catalyst, whose band gap energy (3.3 eV) is closer to that of pioneering photo-catalyst TiO~2~, and hence, in pure form, *ZnO* is active only in the UV spectral region ([@b0060]). Also like *WO~3~*, *ZnO* also suffers rapid charge recombination, which is not quite conducive for the efficient photo-catalytic reaction. A photo-catalyst active in visible spectral region is preferred over the ones active in UV spectral region for two reasons: (i) in general, the photo-catalyst can make use of abundant solar radiation, whose spectral peak is in the visible region, and (ii) due to high photon energy, the UV radiation can initiate some unintended reaction or damage, like for example, UV is harmful and prone to trigger cancer in human tissues ([@b0110]). Therefore for any prospective photo-catalytic treatment option for cancer, it is preferred to have a photo-catalyst, which is active in the visible region and also the ones that show less charge recombination after photo-excitation. In the present work, we synthesized the nanocomposite of *WO~3~* and *ZnO* (*n-WO~3~/ZnO*) in order to harness the positive features of these two prominent photo-catalysts, in addition to make it working in the visible spectral region. Moreover, ZnO nanoparticles have been extensively used as anticancer agents, owing to its biocompatibility and cytotoxicity ([@b0025]).

When a semiconductor material is excited with the light of appropriate wavelength, the electron-hole pairs are generated and the photo generated electrons and hole can be trapped in the inter band or surface states from where they recombine quite rapidly ([@b0180]). Synthesizing the semiconducting material with high crystallinity can reduce the defect induced inter band charge traps and also reducing the grain size of the material hence the probability of charge recombination is reduced ([@b0185]). Another method of inhibiting the recombination is inducing the spatial separation of electrons and hole by doping the host material either with a noble metal (formation of Schottky junction) or by making a composite with another suitable semiconductor ([@b0070], [@b0045]). In the composite material, the band positions of the composite partners are in such a way that the photo excited electrons from the conduction band of the first semiconducting material migrate to the conduction band of the second material and also the holes migrate from the valance band of the second material to that of the first one to establish a spatial charge separation to effectively inhibit the charge recombination ([@b0100], [@b0080], [@b0040]).

In this work, nano structured *WO~3~* and the nanocomposite of *WO~3~* and *ZnO* (*n-WO~3~/ZnO*) were synthesized and their morphological and optical characterizations were carried out using FE-SEM, TEM, diffused reflectance and photoluminescence spectra. All the three nano semiconducting materials were used as a photo-catalyst under visible light to kill *HeLa* cancer cells and the cell survival viability after the photo-catalytic reaction was estimated by measuring the fluorescence emission intensity from the dye mixed cancer cells. As many as 126 sets of experimental data with the combination of different experimental parameters (catalytic concentration and visible light irradiation time) were carried out. It was found that the cell survival viability after 60 min of photo-catalytic reaction with *n-WO~3~/ZnO* was found to be considerably less than the cell survival viability with *WO~3~* and *ZnO* as photo-catalysts. As *HeLa* cells are related to cervical malignant tumors and by considering the easy accessible position of human cervix, the whole photo-catalytic treatment can be administered non-surgically.

2. Experimental section {#s0010}
=======================

2.1. Synthesis of W*O~3~* and *ZnO/WO~3~* nanocomposite {#s0015}
-------------------------------------------------------

The *WO~3~* nanoparticles were synthesized by chemical precipitation method. For this, 8.24 g of the sodium tungstate \[*Na~2~(WO)~4~*·*2H~2~O*\] (Sigma-Aldrich, Germany) was dissolved in 50 ml of de-ionized water and then with continuous stirring, 5 ml diluted *HCl* (Sigma-Aldrich, Germany) was added drop-wise to the sodium tungstate solution. With controlled and continuous stirring (600 rpm) at 25 °C for 2 h, the precursor became dense and yellow in color. The precipitate was then filtered and washed several times with deionized water (DI), and dried at 120 °C in an oven for 3 h. Finally, *WO~3~* nanoparticles were calcined in a programmable furnace at 400 °C for 4 h and ground the dried precipitant into a fine powder ([@b0005]).

*n-WO~3~/ZnO* was synthesized by simple precipitation method and for this, 500 mg of *ZnO* nanoparticle in 50 ml de-ionized water was ultra-sonicated in sonication baths to break up the agglomerated particles. Then in a separate beaker, 8.24 g of the sodium tungstate \[*Na~2~(WO)~4~*·*2H~2~O*\] (Sigma-Aldrich, Germany) salt was dissolved in 50 ml de-ionized water with continuous stirring. Both solutions were continuously stirred for 30 min and after homogenous dispersions were obtained, *ZnO* solution was decanted to the sodium tungstate solution. After mixing, 5 ml diluted *HCl* was added to the mixture of suspensions, and under controlled and continuous stirring (600 rpm) at 25 °C for 2 h, the precursor becomes dense and yellow in color. Then, the precipitant was filtered and washed with deionized water several times to remove acid impurities and then dried at 120 °C for 3 h. Finally, the dried precipitant was ground to a fine powder and transferred into the ceramic crucible to calcine for 4 h at 400 °C. With this approach, *n-WO~3~/ZnO* was finally obtained in powder form.

2.2. Characterizations of synthesized materials {#s0020}
-----------------------------------------------

The absorption and diffuse reflectance spectra (DRS) for the synthesized materials were recorded using UV--VIS-NIR Spectrophotometer (JASCO, V-570) and the photoluminescence spectra were taken using Spectrofluorometer (JASCO, FP-8500) Scanning electron microscopy (INSPECT S50, FEI-Czech Republic) was operated at a voltage of 20 kV, whereas the transmission electron microscopy (TEM, FEI, Morgagni 268, Czec Republic) was carried out at 80 kV. For TEM and SEM, the samples were prepared by dropping particle dispersion onto the carbon-coated TEM grids (metallic stubs), and mounted into the microscope after air drying. Also, nano diffraction patterns in the TEM were recorded to evaluate the structure of each prepared material.

2.3. HeLa cell culture, photo-catalytic reaction and cells imaging {#s0025}
------------------------------------------------------------------

*HeLa* cells are human cervical cancer cell lines, cultured using DMEM (Dulbecco\'s Modified Eagle Medium), supplemented with 10% Fetal Bovine Serum (FBS) and 1% of Antibiotic-Antimycotic, and incubated in CO~2~ environment at 37 °C. The cultured *HeLa* cells with the cell concentration of 3x10^5^cells/ml were transferred to the wells of 24-well experimental plate and incubated for 48 h to attach. *HeLa* sample taken in each well of the experimental plate treated with a particular photo-catalytic material of a particular concentration, and all the samples in the well plate are simultaneously irradiated with visible light to initiate photo-catalytic reaction. The *HeLa* cell survival viability was estimated by taking the ratio of fluorescence signal from treated and untreated samples stained with Alamar blue using SpectraMax-i3 micro-plate reader. The whole photo-catalytic experiment was repeated three times to take the average. The irradiation source was the xenon lamp with narrow band visible pass filter centered at 546 nm and the output light intensity was 30 mW/cm^2^. BEL Inverted microscope (model: INV-100 LED; Rating: 100--230 V ac) with 40 X objective was used for taking the microscopic images of the treated and untreated cells for visual examination.

2.4. Statistical analysis {#s0030}
-------------------------

The results were obtained by using the software Graphpad InStat 6.0. One-way analysis of variance (ANOVA) was used. Data are expressed (mean ± SD) with a significance level of p \< 0.05.

3. Results and discussions {#s0035}
==========================

3.1. Morphological characterizations {#s0040}
------------------------------------

In the case of photo-catalysis, the shape and the size of the semiconductor material used as a photo-catalyst is one of the key material characteristics, as these morphological features have an effect on the available active sites on the catalytic surface for the reactants to interact. The shape and the size of the synthesized material, on the other hand depends on the method, material and the experimental conditions (concentrations in liquid phase, temperature, pH, presence/absence of surface modifiers, and time) used during the synthesis process. The SEM micrographs of *WO~3~*, *ZnO*, and *n-WO~3~/ZnO* synthesized by chemical precipitation method are shown in [Fig. 1](#f0005){ref-type="fig"} in two different magnifications, where we can clearly observe that each material has a characteristic shape and size, and are all well dispersed. Both *WO~3~* and *ZnO* are predominantly spherical in shape with an average grain size of 50 nm for *WO~3~* and a slightly smaller size for ZnO and therefore the surface texture of *n-WO~3~/ZnO* is visibly more compact. More resolved view of *ZnO*, *WO~3~*, and *n-WO~3~/ZnO* are presented with TEM images in [Fig. 2](#f0010){ref-type="fig"}, which provides more insight about the size and shape of the nanoparticles. It is quite clear from these images that *WO~3~* particles possess round and elongated shapes ([Fig. 2](#f0010){ref-type="fig"}a) with an average grain size of 48 ± 2 nm ([Fig. 2](#f0010){ref-type="fig"}b), whereas *ZnO* particles have round and oval shape ([Fig. 2](#f0010){ref-type="fig"}b), with an average grain size of 41 ± 2 nm. In the case of *n-WO~3~/ZnO*, the surface compactness observed in the SEM image is substantiated in the TEM image and the grain size of this composite material is estimated to be 68 ± 2 nm.Fig. 1SEM micrographs of the synthesized nanoparticles at a low (x10000) and a high (x50 000) magnifications for WO~3~ (a, b), ZnO (c, d) and *n-WO~3~/ZnO* (e, f).Fig. 2TEM image of (a) WO~3~, (b) ZnO and (c) *n-WO~3~/ZnO* along with their SAED patterns.

Selected area electron diffraction (SAED) patterns taken from the TEM images of *WO~3~*, *ZnO* and *n-WO~3~/ZnO* are also presented in [Fig. 2](#f0010){ref-type="fig"}. For *WO~3~*, the d- spacing values estimated from the prominent electron diffraction rings of the SAED pattern are 0.388 nm 0.377 nm 0.3156 nm and 0.2432 nm, which can be identified as the electron diffractions from (0 0 2), (0 2 0), (2 0 0) and (2 0 2) lattice planes of monoclinic WO~3~ (JCPDS File no. 43--1035) ([@b0195]). In the case of ZnO, the estimated d-spacing from the SAED pattern are 0.2813 nm, 0.2601 nm 0.2472 nm correspond to (1 0 0), (0 0 2) and (1 0 1) lattice planes, which is the characteristics of wurzite ZnO (JCPDS File no. 43--0002) ([@b0150]). The SAED pattern of *n-WO~3~/ZnO* shows the intermingling of the electron diffraction patterns from *WO~3~* and *ZnO*, which indicates the clear formation of *ZnO/WO~3~* nanocomposite.

3.2. Optical characterizations {#s0045}
------------------------------

Both *WO~3~* and *ZnO* are direct band gap materials with different band gap energies and when these two materials are combined to make a composite, their respective conduction and valance band energy positions are quite conducive for the separation of photo-excited charge carriers to reduce electron hole recombination. The band gap energies of *WO~3~*, *ZnO* and *n-WO~3~/ZnO* are deduced basically from their respective diffuse reflectance spectra. The reflectance in the ordinate axis of the reflectance spectrum is transformed into Kubelka Munk function (*F(R) = (1-R^2^)/2R*) ([@b0085], [@b0140]), which is equivalent to the absorption coefficient and this function *F(R)* is used in the Tauc plot to estimate the band gap energy ([@b0150]). For a direct band gap semiconductor both the energy and momentum in the electronic transitions from valance to conduction bands are naturally conserved, unlike in the case of indirect band gap semiconductors, where the momentum conservation in the electronic transition is mediated by the lattice phonons ([@b0090]). For a direct band gap semiconductor the absorption coefficient (α) is related to the exciting photon energy (*E~p~*) and band gap energy (*E~g~*) as $\alpha = A \ast \sqrt{E_{p} - E_{g}}$, where *A* is an energy independent constant, hence for a direct band gap material, *(α\*E~g~)^2^* versus *E~p~* plot (Tauc plot) will be linear, whose x-intercept will directly yield the band bap energy *E~g~*. Such Tauc plots and the band gap energies for *WO~3~*, *ZnO* and *n-WO~3~/ZnO* are shown in [Fig. 3](#f0015){ref-type="fig"}a, where the respective band gap energies are estimated to be 2.78, 3.2, and 2.41 eV, which are in agreement with the literature ([@b0145]). The narrowing down of the band gap energy in the *n-WO~3~/ZnO* is attributed to the formation of oxygen vacancies with increased loading of the WO~3~ in the mixed oxide composites ([@b0035]). Both *WO~3~* and *ZnO* are n-type semiconductors and the composite of them becomes more n-type due to the presence of excess of unpaired electrons originating from the oxygen vacancy. Therefore in order to conserve the number of particles and to fulfill the overall electrical charge neutrality, the Fermi level has to move away from the middle of the forbidden gap towards the conduction band, leading to the narrowing of the band gap energy.Fig. 3(a). Tauc plot of *WO~3~, ZnO*, and n*-WO~3~/ZnO* with respective band gap energies. (b) Absorption spectra of *WO~3~, ZnO,* and *n-WO~3~/ZnO*. (c) Photoluminescence spectra at room temperature of *WO~3~, ZnO,* and *n-WO~3~/ZnO*.

[Fig. 3](#f0015){ref-type="fig"}b shows the absorption spectra of *WO~3~, ZnO* and *n-WO~3~/ZnO*, where we can observe the red shifting of absorption maximum and overall enhancement of the absorbance in the visible spectral region for *n-WO~3~/ZnO*. This increased visible light activity in the composite ensures the suitability of this material to be active in the spectral peak of the abundant solar radiation. [Fig. 3](#f0015){ref-type="fig"}c is the room temperature photoluminescence spectra of the above three materials under study, excited by 325 nm wavelength. In the case of *ZnO*, the PL spectra shows two characteristic PL peaks one in the UV region, attributed to the near band edge emission and the second one in the visible region is presumably due to the electron hole recombination from the defect states ([@b0015]). PL spectrum of *WO~3~* has a weak emission peak at 430 nm (approximately 2.88 eV) corresponding to the emission due to electron hole recombination of the electrons from the lowest level of the conduction band ([@b0160]). When the nano composite of *WO~3~* and *ZnO* is formed, the electrons transfer from the conduction band of *ZnO* to that of *WO~3~*, which is evident from the enhancement of emission (due to charge recombination) from *ZnO* at 430 nm and the absence of emission (due to charge recombination) from ZnO. More importantly we can observe an overall reduction in the charge recombination in *n-WO~3~/ZnO*, which is one of the key requirements for effective photo-catalysis.

3.3. Photo-catalytic killing of HeLa cancer cells using WO~3~, ZnO, and n-WO~3~/ZnO {#s0050}
-----------------------------------------------------------------------------------

Three synthesized semiconducting materials were used as photo-catalysts under visible light for the photo-catalytic killing of *HeLa* cancer cells. The incubated *HeLa* cancer cell sample (3 × 10^5^ cells/ml concentration) is mixed with three photo-catalysts of 7 different concentrations (0, 0.002, 0.2, 20, 50, 100 and 200 µg/ml) and the samples were filled in 21 wells (each well for different catalytic concentration of 3 different photo-catalysts) in 24- experimental well plate, and this plate was incubated for 48 h. Six such plates were prepared; each plate is subjected to six different duration of light irradiation (5, 10, 15, 20, 30, and 60 min) with narrow band visible light (centered at 546 nm wavelength) and with the light intensity of 30 mW/cm^2^ using a mercury lamp.

The effectiveness of the photo-catalytic killing of *HeLa* cancer cell was examined by observing the intensity of fluorescence emission from the Alamar blue stained irradiated *HeLa* cancer cells. For this fluorescence study, all the six irradiated plates containing the *HeLa* cancer cells and the photo-catalysts were stained with Alamar blue and kept in an incubator (Co~2~/37 °C) for 3 h. During this process, the survived *HeLa* cancer cells convert the non-fluorescent blue colored resazurin in the Alamar blue reagent into highly fluorescing red colored resorufin ([Fig. 4](#f0020){ref-type="fig"}a), and the extent of red color transformation and consequent fluorescent intensity is proportional to the number of survived *HeLa* cancer cells (survival viability of *HeLa* cancer cells) ([Fig. 4](#f0020){ref-type="fig"}b). In this work we adopt percentage of cell survival viability described in equation [(1)](#e0005){ref-type="disp-formula"} as a figure of merit to evaluate the photo-catalytic killing of *HeLa* cancer cells.$$Cellsurvivalviability{(\%)} = \frac{Fluorecence\ intensity\ from\ treated\ cells}{Fluorecence\ intensity\ from\ initial\ untreated\ cells} \times 100$$Fig. 4(a) Alamar blue not stained and (b) Alamar blue stained.

The *HeLa* cancer cell survival viability in 126 photo-catalytic experimental combinations (3 photo-catalysts × 7 catalytic concentrations × 6 irradiation durations) are summarized in [Fig. 5](#f0025){ref-type="fig"}a (*WO~3~*), 5b (*ZnO*), and 5c (*n-WO~3~/ZnO*). The general characteristics observed for all the three catalysts in [Fig. 5](#f0025){ref-type="fig"} are that with the increased catalytic concentration and irradiation time, the survival viability of the *HeLa* cancer cell decreases for all the three photo-catalysts. Higher the catalyst concentration, more number of active sites is available, as a result, more number of redox reactions mediated by the photo generated charge carriers take place and this leads to the increased photo-catalytic killing of *HeLa* cancer cells. However, in general, if the catalyst concentration is beyond certain value, the solution becomes more turbid and attenuates most of the light intensity, which leads to the drop in any photo-catalytic reaction. In our case even at the highest concentration (200 µg/ml), the light attenuation effect has not set in. Also with the increased irradiation time, the number of photon available to generate the vital charge carriers by photo-excitation increases and this enhances the photo-catalytic killing of *HeLa* cancer cells.Fig. 5Percentage of *HeLa* cell Survival viability with various concentrations of WO~3~ (a), ZnO (b), and *n-WO~3~/ZnO* (c) as photo-catalysts and different irradiation times. Each bar is the average of three trials and the error bars are based on standard deviations (±SD).

The most important feature to be observed from the cell survival viability results presented in [Fig. 5](#f0025){ref-type="fig"} is a remarkable reduction of cell survival viability in [Fig. 5](#f0025){ref-type="fig"}c, when *n-WO~3~/ZnO* is used as a photo-catalyst. For instance, with 200 µg/ml of *n-WO~3~/ZnO*, after 60 min of photo-catalytic reaction, the cancer cell survival viability has reduced to 15% (85% killing), as compared to 65% (35% killing) cell survival viability in the case of both *WO~3~* and *ZnO* under the same concentration and irradiation time. This remarkable enhancement in the photo-catalytic killing of *HeLa* cancer cell due to *n-WO~3~/ZnO* was brought about by the following positive features set in due to the composite formation between *WO~3~* and *ZnO*: (i) As observed in the absorption spectrum in [Fig. 3](#f0015){ref-type="fig"}b, the characteristic visible light absorption in the composite material increased, and this leads to more photo-generated charge carriers available to mediate the redox reaction to generate more reactive oxygen species (ROS) to degrade cell membrane, DNA, surface structure and cell rigidity ([@b0020]). The red shifting of the absorption spectra and the enhancement of absorbance in the visible spectral region in *n-WO~3~/ZnO* is due to the reorientation in the composite material and the observed reduction in the band gap energy (ii) As observed in the photoluminescence spectrum, the PL intensity for the composite material decreases, which indicates that only less number of photo-generated charge pairs are lost in the radiative charge recombination and more charge carriers are still available for effective photo-catalytic process. In the *n-WO~3~/ZnO*, the spatial separation of photo-generated charge carrier takes place due to the transfer of electrons from the conduction band of *ZnO* to that of *WO~3~* accompanied by the transfer of holes from the valance band of *WO~3~* to that of *ZnO*, and this spatial separation of electron hole pair significantly impedes the charge recombination ([@b0145], [@b0165]). The combined effect of enhanced visible light absorption and reduced charge recombination played out favorably to improve the photo-catalytic killing of *HeLa* cancer cells. For easy observation, a cell survival viability versus irradiation time in the photo-catalytic reaction using all three catalysts (200 µg/ml) along with the non-photo-catalytic degradation process in the absence of photo-catalyst (only light irradiation) is presented in [Fig. 6](#f0030){ref-type="fig"}, where we can observe that the killing of *HeLa* cancer cells by the light irradiation is negligible.Fig. 6The decay curves of *HeLa* cell survival viability with *WO~3~, ZnO, n-WO~3~/ZnO* as photo-catalysts along with the decay curve in the absence of catalyst (only light irradiation). The error bars represent the standard deviation of three trials.

In addition to the photo-catalytic studies, two non-photo-catalytic experiments were carried out to study the cytotoxicity of catalysts to the *HeLa* cancer cells and also to study the effect of visible light irradiation in the killing of *HeLa* cancer cells (curve in [Fig. 6](#f0030){ref-type="fig"}). The study on the cytotoxicity of catalysts to the *HeLa* cancer cells was done by keeping the *HeLa* cancer cells in the dark in the presence of WO~3~ and ZnO and *n-WO~3~/ZnO*, and the study on the effect of visible light irradiation in the killing of *HeLa* cancer cells was done in the absence of photo-catalysts, only subjecting the *HeLa* cancer cells to visible light irradiation of same intensity used for the photo-catalytic studies. [Fig. 7](#f0035){ref-type="fig"} shows the cytotoxicity of catalysts to the *HeLa* cancer cells (in dark) and it is clear from the bar chart that at lower concentration (0.002 µg/mL), all the three catalysts are practically nontoxic to the *HeLa* cancer cells with the cell survival viability more than 96% in 24 h, which is in agreement with a previous study. However, when the catalyst concentration is as high as 200 µg/mL, the cell survival viability is decreased to 76%, 93%, and 90% respectively for ZnO, WO~3~, and *n-WO~3~/ZnO*. It should be noted from 7 that at high catalytic concentration, ZnO is more cytotoxic to the *HeLa* cancer cells than that of WO~3~ and *n-WO~3~/ZnO*.Fig. 7Cytotoxicity of *HeLa* cancer cells represented in terms of cell survival viability treated with *WO~3~, ZnO*, *n-WO~3~/ZnO* in dark (in the absence of light irradiation).

3.4. Confirmation of cancer (HeLa) cell killing by image analysis {#s0055}
-----------------------------------------------------------------

The observed photo-catalytic killing of *HeLa* cancer cells using *n-WO~3~/ZnO* is visually substantiated with microscopic images in [Fig. 8](#f0040){ref-type="fig"}, where the image for the original untreated *HeLa* cancer cells is presented in [Fig. 8](#f0040){ref-type="fig"}a and photo-catalytically treated *HeLa* cancer cells are presented in 8b (20 µg/ml of *n-WO~3~/ZnO* irradiated for 20 min), 8c (50 µg/ml of *n-WO~3~/ZnO* irradiated for 20 min) and 8d (50 µg/ml of *n-WO~3~/ZnO* irradiated for 60 min). In the microscopic image in [Fig. 8](#f0040){ref-type="fig"}a, we can see the full confluence of *HeLa* cancer cells and comparing the images in 8b, c, and d with 8a, it is quite clear that after the photo-catalytic process, a significant number of *HeLa* cancer cells were depleted and even some of the dead cells are shown with an arrow. In addition to this, [Fig. 8](#f0040){ref-type="fig"}e and 8f respectively are the images of *HeLa* cancer cells after subjecting it to visible irradiation for 60 min in the absence of photo-catalysts and also treating the *HeLa* cancer cells with *n-WO~3~/ZnO* in dark. Comparing the images in [Fig. 8](#f0040){ref-type="fig"}e and 8f with 8a, we can visibly observe that no significant change in the number of *HeLa* cancer cell is brought about by the above two non-photo-catalytic processes([@b0005]).Fig. 8Inverted microscopic images of *HeLa* cells (Magnification 40×/0.6) for (a) original cultured and untreated cells, (b- d) cells treated with different photo-catalysts under different irradiation time*,* (e) cells irradiated for 60 min in the absence of photo-catalysts and (f) cells treated with 50 µg/ml of *n-WO~3~/ZnO* in dark.

This result further clarifies that the major killing of the *HeLa* cancer cells is carried out by the photo-catalytic process, and among the three photo-catalysts used, *n-WO~3~/ZnO* is by far the best.

3.5. Mechanism of Photo-catalytic killing of HeLa cancer cells {#s0060}
--------------------------------------------------------------

The schematic of the mechanism that leads to the efficient photo-catalytic process involving *n-WO~3~/ZnO* is shown in [Fig. 9](#f0045){ref-type="fig"}. In *n-WO~3~/ZnO*, the band positions of the composite partners form a type--II heterojunction, which is optimum for the efficient spatial separation of photo-generated electron hole pairs. When the composite is irradiated with the light of appropriate wavelength, initially, the electrons are excited from the valance bands of the composite partners to their respective conduction bands ([@b0190]). In our case the electrons excited to the conduction band of *ZnO* are transferred to that of *WO~3~*, while the holes are transferred from the valance band of *WO~3~* to that of *ZnO*, thereby an effective spatial charge separation is established. This charge separation inhibits the recombination of electron hole pairs and makes them available for the generation of Reactive Oxygen Species (OH^•^, HO~2~^•^, O~2~^−^, H~2~O~2~) through redox reaction according to the following chemical reactions (2--6). In aqueous environment, the photo-generated holes in the valance band oxidize the water molecule to produce hydroxyl radicals (^•^OH) and hydroperoxyl radicals (OH~2~^•^), while, the electrons reduce the oxygen to produce a superoxide anion (O~2~^•-^) or hydrogen peroxide (H~2~O~2~) ([@b0020]).$$O_{2} + e^{-}\rightarrow O_{2}^{-}$$$$O_{2} + {2H}^{+} + {2e}^{-}\rightarrow H_{2}O_{2}$$$$H_{2}O + h^{+}\rightarrow\mathit{OH}^{\ast} + H^{+}$$$$\mathit{OH}^{\ast} + \mathit{OH}^{\ast}\rightarrow H_{2}O_{2}$$$$H_{2}O_{2} + \mathit{OH}^{\ast}\rightarrow\mathit{HO}_{2}^{\ast}$$Fig. 9Schematic diagram showing (a) the mechanism of photo-excitations, redox reactions and formation of ROS with *n-WO~3~/ZnO* in water and (b) killing of *HeLa* cancer cells by ROS.

These highly reactive oxygen species (ROS) reacts with the *HeLa* cancer cells to terminate them by programed cell death (apoptosis) and/or unplanned cell death (necrosis) as a result of oxidative stress ([Fig. 9](#f0045){ref-type="fig"}b). ROS reacts with the cell membrane and cell interior and affects DNA, cell rigidity and surface structure leading to the killing of *HeLa* cancer cells and these actions can be controlled by localizing the positions of the photo-catalyst at the time of light irradiation ([@b0010], [@b0120]). It is worth mentioning that the damage caused by ROS is more selective to cancer cells, as it is observed that the survival viability of normal healthy cell is more than 90% under the same experimental conditions corresponding to the photo-catalytic reaction that achieved 15% *HeLa* cancer cell survival viability.

4. Conclusions {#s0065}
==============

Nanocomposite of *WO~3~* and *ZnO* (*n-WO~3~/ZnO*) were synthesized by chemical precipitation method and applied as a photo-catalyst in the process of killing cervical malignant tumor *HeLa* cancer cells in conjunction with the narrow band visible light radiation. It was found that after 60 min of photo-catalytic reaction with *n-WO~3~/ZnO* as a photo-catalyst, the *HeLa* cancer cell survival viability dropped considerably compared to the cell survival viability with the individual composite partners *WO~3~* and *ZnO*. The morphological and optical characterizations of the three synthesized materials were carried out and the enhancement of the photo-catalytic activity with *n-WO~3~/ZnO* was explained in the light of the characterization results. The results of this work indicate that photo-catalytic killing of *HeLa* cancer cell can be considered as a localized noninvasive treatment option for cancer.
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